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Introduction
Earth's carbon (C) cycle is influenced by the distribution and behavior of C in soils. Considerable effort is now directed at understanding the mechanisms regulating soil C stabilization and turnover rates (Schmidt et al., 2011) as a function of climate, including temperature, rainfall, and soil saturation (Giardina and Ryan, 2000; Schuur et al., 2001; Townsend et al., 1997; Trumbore, 1997) . Many studies observe C deep in the soil profile has longer turnover times than surface soil C (Harrison et al., 2011; Torn et al., 1997) . These studies suggest a lower microbial activity and increased association with mineral surfaces-particularly shortrange-ordered (SRO) minerals (Chorover et al., 2004; Kramer et al., 2012; Lalonde et al., 2012; Mikutta et al., 2009 )-contribute to the persistence of C at depth. Photosynthetically fixed C deposited at the soil surface can be delivered to deep soil horizons directly by root death; indirectly by biological or physical mixing; or by advection with soil solution (Strahm et al., 2009) . The advective transport of dissolved or colloidal C is greatly facilitated by preferential flow channels, which reduce the travel time and potential for degradation during transport.
Hawaiian rainforest ecosystems lose mobile organic C from surface horizons to deeper ones and to streams creating pathways for removal of organically bound nutrients from terrestrial ecosystems (Hedin et al., 2003; Neff et al., 2000; Vitousek, 2004) . The volcanic soils in these forests are rich in SRO minerals, which along with their strong C sorption capabilities also are prone to shrinking and swelling depending on rainfall frequency. As a consequence, cracks between peds provide preferential flow paths that carry organic matter from O and Bh horizons to deeper horizons where they are sorbed on SRO minerals (Marin-Spiotta et al., 2011) . Marin-Spiotta et al. (2011) suggest both dissolved and particulate C are important vehicles for C transport in these soils, but they report only soluble C and do not offer a mechanism for the generation of mobilized organic carbon (MOC). The soils studied by Marin-Spiotta et al. (2011) receive about 3000 mm rainfall annually and experience periods of episaturation and anoxia that promote Fe reduction and lead to a net loss of Fe from the upper horizons. Reductive dissolution of Fe III -oxides can promote colloid dispersion by dissolving the connective Fe cement holding aggregates together (Goldberg and Glaubig, 1987) . Also, because Fe reduction consumes protons and causes an increase in solution pH (Gillespie, 1920; Ponnamperuma et al., 1966; Vesparaskas and Faulkner, 2001) , it can indirectly influence colloid dispersion through development of negative charge on colloid surfaces (Bunn et al., 2002; Ryan and Gschwend, 1994) . Therefore, Fe reduction can influence colloidal mobilization physically via dissolution of particles or chemically through changes in pH and corresponding particle surface charges (Thompson et al., 2006a) . Fimmen et al. (2008) and Grybos et al. (2009) have suggested that organic matter is likely to disperse during Fe-C redox cycles, although they do not provide direct evidence of organic colloids.
Our research objective is to quantify changes in dissolved (b 10 kDa), nanoparticulate (2.3-60 nm), and colloidal (60-430 nm) organic matter following Fe reduction events and induced pH increases. We use surface soils from Hawaiian rainforests and subject them to laboratory shifts in redox and pH to simulate conditions prevalent in these high-rainfall (N2500 mm/yr) ecosystems. We hypothesize that anoxic conditions destabilize C in organic-rich basaltic soils and generate mobile organic colloids. Thompson et al. (2006a) have shown that Fe reduction in similar-age Hawaiian soils promoted colloid dispersion primarily through the indirect effects of hydroxide production. We suspect that increases in pH associated with reduction reactions play a role in enhancing carbon release as well. To test these hypotheses, we measured the C content across three particle size classes following laboratory incubations of the soils exposed to either a 21-day period of anoxia or short-term pH adjustments.
Materials and methods

Site description
For this study, we selected surface mineral soil horizons from three sites on the Island of Hawai'i. The soils were collected in July 2009 from the Thurston (A horizon) and Laupāhoehoe (Ag/Bh horizon) sites reported in Kramer et al. (2012) , and Pu'u Eke (Bh horizon) site reported in Marin-Spiotta et al. (2011) . The Pu'u Eke soil (a Hydric Hapludand or Hydric Placudand) developed in the Pololu flows on Kohala Mountain, which are ca. 350 ka; the Laupāhoehoe soil (a Thaptic Udivitrand) formed in volcanic ejecta from Mauna Kea and is ca. 20 ka; and the Thurston soil (a Lithic Hapludand) lies on Kiluaea and formed in volcanic ejecta that is ca. 0.3 ka (Fig. 1) . Detailed characteristics of these soils are provided elsewhere (Kramer et al., 2012; Marin-Spiotta et al., 2011) . Although SRO abundance increases progressively with age across these soil profiles as a whole, the SRO content of these surface mineral horizons peaks at the Laupāhoehoe site and then decreases in the Pu'u Eke site (Table 1) . Once collected, the soils were stored at 4°C under oxic conditions in the dark until used in the May 2010 experiments.
Anoxic experiment
Triplicate incubations of field-moist surface mineral soil horizons were suspended in 2.0 mM KCl at a soil:solution ratio of 1:10 (dry mass equivalent) in 12-mL polypropylene tubes. Soil-dry mass was determined after drying a separate subsample for 24 h at 110°C. The suspensions were shaken in 12-mL polypropylene vials for 2 h on a horizontal shaker (~120 revolutions per minute, rpm). Three, 1.5-mL aliquots were removed and subjected to differential centrifugation targeting b430 nm and b 60 nm particle-size fractions, as well as an ultrafiltration step (10 kDa) targeting a b2.3 nm fraction. The 430 nm cutoff was designed to target select particles below 0.45 μm, which is the cutoff for dissolved organic carbon used in the literature. The 60 nm value was selected to approximate conservatively a cutoff between nanoparticles (defined as b100 nm) and colloids (defined N 100 nm). The b 2.3 nm was chosen to represent a truly dissolved (non-particle) size fraction. These aliquots provided a pre-reaction sample set. The remaining suspension was opened in an anoxic chamber (95% N 2 , 5% H 2 ) and allowed to equilibrate for 16 h before resealing. Suspensions were then secured on an end-over-end shaker (8 rpm) inside the glovebox and reacted for 21 d at room temperature (~25°C). We monitored Fe II production in the aqueous phase and terminated the experiment once Fe II production began to increase substantially. Storaging tropical soils at 4°C has been recently shown to slow the recovery of Fe reducing organisms (Ginn et al., 2014) and that may have contributed to the slow emergence of aqueous Fe II . Following incubation, size-fractionated samples were isolated by differential centrifugation in an Eppendorf 5430 centrifuge with a F45- Fig. 1 . Location of the experimental soils along with their approximate age and photo. All soils were collected from the volcanic Island of Hawai'i in July 2009. Thurston (A horizon) and Laupāhoehoe (Ag/Bh horizon) sites reported in Kramer et al. (2012) , and Pu'u Eke (Bh horizon) site reported Marin-Spiotta et al. (2011) . Pu'u Eke and Laupāhoehoe soils were visually more homogeneous and clayey than the Thurston soil (inset photos).
30-11 rotor for b430 nm and b60 nm hydrodynamic diameters. Centrifugal fractionation was achieved assuming spherical particle geometry and a nominal particle density of 1.65 g cm . This was based on density separations (not shown) that indicated qualitatively that this was the median of particle mass. We assessed this assumption quantitatively for the Pu'u Eke soil (see Sec. 2.5), which has high organic matter content (Marin-Spiotta et al., 2011) and likely the lowest density among the samples.
The RCF and time required to achieve separation of particles b430 nm (3 min at 3195 RCF or 5400 rpm for 3 min), b 60 nm (24 min at 21,169 RCF or 13,900 rpm for 24 min) was calculated from Stokes' law (Henderson et al., 2012) . Samples were returned to the glovebox where the supernatant solutions were removed and acidified to pH 1 with trace metal grade 6 M HCl (0.8% of sample volume). The b 2.3 nm fraction was obtained by centrifuging in a manner identical to the b60 nm fraction, and in the final step the supernatant was passed through a 10 kDa molecular weight cutoff Millipore Amicon-Microcon filter (at 14,000 rpm for 10 min) using an Eppendorf Minispin Plus centrifuge inside the glovebox. Prior to use, we removed glycerin contamination of the b 10 kDa filters by running a solution of 0.1 M NaOH through the filters three times, followed by three 18.2 MΩ water washes. Filters were then immediately used for ultrafiltration of the soil solutions. The remaining C from the filters contributed less than 15 mg L −1 (~0.2 g kg −1 soil based on our standard dilution ratio; data not shown) to the filtrate and this C was accounted for through blank-subtraction.
Oxic pH shifted experiment
A separate experiment was conducted under oxic conditions to isolate the effects of pH on colloidal C mobilization. The intent of the oxic pH shifted experiments was to quantify colloidal dispersion in the anoxic incubations resulting solely from the development of negative particle surface charge associated with the higher slurry pH following Fe reduction. Thus, we adjusted the slurry electrical conductivity (EC) and pH to span the conditions of our anoxic experiments and confirm statistically similar EC values. The suspensions were equilibrated between 3 and 5 mM ionic strength across a pH range of 4 to 6 through measured additions of 0.1 M KOH. The suspensions were then shaken on a horizontal shaker for 2 h and sampled following procedures described previously for the anoxic samples (e.g., differential centrifugation and ultrafiltration).
Sample analysis
We measured pre-and post-experimental pH, EC, and redox potential (Eh) data on both the anoxic and pH shifted oxic treatments. Organic carbon (TOC) in the aqueous and solid phases was analyzed by hightemperature combustion following sparging of acidified samples on a Shimadzu TOC-5050A with Shimadzu ASI-500 sampler. To access the presence of reducing conditions in the anoxic experiment, we measured ferrous iron using a revised ferrozine spectrophotometric method given in Thompson et al. (2006b) ) on a Shimadzu UV-1700 Spectrophotometer. We utilized Excel Stat (a Microsoft Excel plug-in) for statistical analysis. Incubation TOC concentrations were subjected to a Tukey's HSD test for post-ANOVA pair-wise comparisons in a one-way ANOVA.
Multi-angle light scattering and AF4 analysis
Particle size of our Pu'u Eke separations was validated on an Eclipse 2 (Wyatt Technology) asymmetric flow field-flow fractionation (AF4) channel (19.7 cm × 5.6 cm) coupled to a DAWN Heleos® multi-angle laser light scattering (MALS) device (Wyatt Technology) . The AF4 separates particles on the basis of their diffusion coefficients in a flow channel. The AF4 was operated with a 490 μm thick separation spacer and a 10 kDa cellulose membrane. Our carrier solution was MES-SDS buffer (pH 6) prepared from 18.2 MΩ H2O with 0.3 mM sodium dodecyl sulfate and 2 mM of MES with 200 mg L −1 sodium azide to prevent bacterial growth. Particle separation of the samples was done by loading 30 μL of the solution into the AF4 via the injection loop on the Eclipse 2. The channel flow was kept constant at 1.0 mL min −1 channel flow, while the crossflow was set on gradient from 0.5 mL min − 1 to zero over 25 min with an initial 6 minute time lapse for sample injection and focusing during which a focus flow set at 1.5 mL min −1 was operational. The total run time was 40 min per sample. Light-scattering data were collected simultaneously at 18 scattering angles on each eluting sample, subjected to real time digital correlation analysis on a QuasiElastic Light Scattering device (Wyatt-QELS) and analyzed for hydrodynamic radius using the Astra® instrument software (Dubascoux et al., 2008) .
Results
Anoxic experiment
The initial pH of the soil slurries (Table 2 ) was similar to prior pH measurements of these surface soils (Chorover et al., 2004; Mikutta et al., 2009) . Following the 21-day anoxic incubation, all soil slurries exhibited increases in pH, EC, aqueous [Fe +2 ], and a decrease in Eh ( with C distributed similarly across the three particle size fractions (Fig. 2) . Following the anoxic incubation total desorbed C (b430 nm) increased (p b 0.01) to 7.1 ± 0.3 g kg −1
, 7.1 ± 0.5 g kg for the 0.3 ky, 20 ky, and 350 ky soils, respectively. The distribution of C across the three particle size fractions (b2.3 nm, 2.3-60 nm, and 60-430 nm) was similar before and after incubation across all soils, with the amount of C in each size fraction relatively similar in the 0.3 ky and 20 ky soils. However, the 350 ky soil contained less C in the 60-430 nm particle size class than the other two soils and this accounted for the majority of its lower total C desorption (Fig. 2) .
Oxic pH shifted experiment
Total desorbed C (b430 nm) increased (p b 0.01) with increasing pH in the oxic experiments (Fig. 2) , resulting in C release interpolated at the final pH of the anoxic experiments of 3.8 g kg , 2.7 g kg −1 for the 0.3 ky, 20 ky, and 350 ky soils, respectively (Tables 2 and   3 ). In contrast with the anoxic incubations, increasing pH by addition of KOH under oxic conditions primarily dispersed C less than 60 nm, which was distributed similarly between the b2.3 nm and the 2.3-60 nm size fractions. In addition, if we interpolate the quantity of carbon that would be dispersed under oxic conditions (compared to anoxic incubations) we find the oxic incubations of all soils dispersed less C in the b2.3 and 2.3-60 nm size fractions, with the exception of the b2.3 nm size fraction of the Thurston soil (p b 0.05).
Nanoparticle characterization
The hydrodynamic radius of the oxic pH-shifted Pu'u Eke soil particles (b 430 nm diameter) was validated by asymmetrical flow field-flow fractionation, AF4 (Fig. 4) . It is apparent from the chromatogram that particle aggregation occurred as we documented significant amounts of smaller particles in our centrifugation separations, but these are not detectable in light-scattering system. Instead, it appears that the colloids did not elute from the channel until nearly zero cross flow rate was achieved, resulting in a band of 320-460 nm sized particles. The absence of smaller sized particles might be attributed to immobilization or loss into the membrane of the accumulation wall (Wahlund and Giddings, 1987) or more likely aggregation during the "focus" phase of the AF4 (Benincasa et al., 2002; Lead et al., 1997) . Additionally, the lack of particle separation into bins of identical sizes "hides" the smaller particles among the larger during MALS analysis (Wyatt, 1998) . However, this data does support our upper size cutoff for our centrifugations. 
Discussion
Carbon mobilization during Fe reduction
The downward mobilization of colloidal organomineral complexes is an important process driving elevated SOM in volcanic subsoils (Osher et al., 2003) . The onset of anoxic conditions in organic-rich soil horizons commonly triggers an increase in soil solution C (Fiedler and Kalbitz, 2003; Grybos et al., 2009; Hagedorn et al., 2000; Jacinthe et al., 2003; Kogel-Knabner et al., 2010; MacDonald et al., 2011) . While lower C mineralization rates via anaerobic vs. aerobic metabolism may play a role (Fiedler and Kalbitz, 2003; Kalbitz et al., 2000; Moore and Dalva, 2001) , most studies ascribe this increase in DOC to reductiondriven loss of Fe-(oxyhydr)oxide surface area for C sorption (e.g., Kogel-Knabner et al., 2010) . Consistent with this paradigm all of our soils released more C during the anoxic incubations than at similar pH in oxic incubations (p b 0.01; Table 2 ). In addition, our incubations release six to over 400 times as much carbon during anoxic incubation than previously published work (Fiedler and Kalbitz, 2003; Grybos et al., 2009; Hagedorn et al., 2000; Jacinthe et al., 2003; MacDonald et al., 2011) . The high amounts of C mobilization in our study likely reflect the substantial (8-32%) C content of the horizons we studied, although C content does not explain the slightly lower dispersion of C in the Pu'u Eke (350 ky) soil relative to the other soils (Tables 1 and 2 ).
Our work suggests that nanoparticulate and colloidal C are important contributors to mobile organic carbon (MOC), which have been overlooked in previous studies that lump DOC as any C that passes through 200 nm (e.g., Grybos et al., 2009) , 450 nm (e.g., Fiedler and Kalbitz, 2003; Hagedorn et al., 2000; MacDonald et al., 2011) , or even micron sized filters (e.g., Jacinthe et al., 2003) . In fact, the large majority of MOC released in our anoxic experiment was colloidal (b430 nm) or nano-particulate C (2.3-60 nm) rather than soluble C (b10,000 Da) (Figs. 2 and 3) . Mobilization of colloidal and nano-particulate C during Fe reduction likely occurs because of dissolution of an Fe-oxide matrix (Henderson et al., 2012; Ryan and Gschwend, 1992) , or because the increase in pH accompanying Fe reduction generates negative particle surface charge and hence dispersion (Thompson et al., 2006a) . Our experiments suggest both mechanisms contribute to colloid mobilization (Section 4.2) with important implications for soil C dynamics (Section 4.3).
Mechanisms of colloidal carbon mobilization
The mechanisms governing dispersion of soil colloids with increasing pH are well studied. As pH increases above the colloid point of zero charge (p.z.c.) hydroxyl functional groups deprotonate and generate repulsive electrostatic forces that disperse the particles. In many highly weathered soils, organic matter coatings on mineral colloids dominate the surface charge characteristics, poising the soil p.z.c. below pH 4 (Chorover and Sposito, 1995) . This is especially true for most Hawaiian soils, which are replete with nanoscale organo-mineral phases containing a high density of ionizable surface functional groups (Chorover et al., 2004; Krishnaswamy and Richter, 2002; Mikutta et al., 2009; Osher et al., 2003) . Fe reduction reactions consume protons following the general reaction (Ponnamperuma et al., 1966) :
Hence, development of Fe reducing conditions in acidic to neutral soils is nearly always accompanied by an increase in pH (Kirk, 2004) . Several recent studies have illustrated the mobilization of organic matter in response to increases in pH (Grybos et al., 2007 (Grybos et al., , 2009 with some documenting colloidal forms of organic matter (Pédrot et al., 2008 (Pédrot et al., , 2011 Thompson et al., 2006a) . We found that increasing the pH of all three of our Hawaiian soils through addition of KOH resulted in greater release of nanoparticulate (2.3-60 nm) and dissolved C, but the amount of colloid-bound (60-430 nm) C was minimally affected (Fig. 2) . In contrast, our anoxic experiments, in which Fe reduction drove a similar pH increase, yielded 60% more nanoparticulate and colloidal (non-dissolved) C than was released from oxic samples at similar ionic strength and pH (p b 0.01; Fig. 3 ). Not only did the nanoparticles (2.3-60 nm) exhibit uniformly higher C contents following Fe reduction than after oxic incubation at equivalent pH (p b 0.05), but in Thurston (0.3 ka) and Laupāhoehoe (20 ka) soils Fe reduction dispersed substantially more 60-430 nm particulate C than the oxic incubations at an equivalent pH (Fig. 2) . Very little 60-430 nm particulate C was dispersed in the Pu'u Eke (350 ka) soil in either anoxic or oxic incubations (Fig. 2) . Those particles may simply be less abundant in this soil, or perhaps the lower SRO mineral abundance has some impact (Table 1) .
Iron minerals are common binding agents for larger soil aggregates (Arduino et al., 1989) , especially the high surface area, nanoparticulate and SRO Fe phases that are most susceptible to reductive dissolution (Bonneville et al., 2004) . Reducing conditions can dissolve these Feoxide coatings that bind colloids into larger aggregates and facilitate particle dispersion (Ryan and Gschwend, 1992) . In fact, De-Campos et al. (2009) have shown Fe reduction decreases soil macro-aggregate stability to a greater extent than changes in solution pH alone. Our work suggests this disaggregation via reductive Fe dissolution also drives the dispersion of b 430 nm C-containing particles (Fig. 4) . Importantly, the combination of Fe reduction and an increase in pH perturbs larger colloidal C (60-430 nm) whereas this size range remains largely undispersed when subjected to pH increases alone.
Implications of anoxia on carbon mobilization
Regardless of the mechanism, the composition of C mobilized in colloidal form is not constrained by the need for aqueous solvation. This constraint biases typical DOM toward low molecular weight organic matter with abundant polar functional groups (i.e., hydroxyls). Instead, colloid-bound mobile organic matter may exhibit a wider range of characteristics including non-polar or aliphatic-rich materials that have low solubility as well as carboxylic-acid-rich materials that are strongly associated with metal-oxide surfaces. This can have substantial implications for the stabilization of C in soils. Hawaiian soils are rich in hydrated-SRO minerals that shrink in response to periodic droughts and generate cracks in subsurface B horizons (Marin-Spiotta et al., 2011) . Carbon mobilization to depth in these basaltic soils is linked to preferential-flow pathways developing along these cracks and macropores in the higher rainfall regions (Lohse and Dietrich, 2005; Marin-Spiotta et al., 2011) . The zone of the greatest mobile organic carbon (MOC) production in our study soils-the surface forest litter horizons-also contains large quantities of Fe and Al and is subjected to intermittent saturation associated with the high rainfall (2800 to 3500 mm) (Marin-Spiotta et al., 2011) . At the Pu'u Eke site, SOM accumulates along the surfaces of cracks that reach as deep as 70 cm into the soil profile. The functional group chemistry (based on NMR) of the SOM accumulating at depth resembles the Fe and Al-rich MOC released from the surface humic mineral horizons (Bh), where the network of cracks and channels is first observable (Marin-Spiotta et al., 2011) . This metal-rich material is more likely to be mobilized as colloids Pokrovsky et al., 2010; Schijf and Zoll, 2011; Thompson et al., 2006a) than true DOC and we suggest periodic Fe reduction events and shifts in pH are important in such mobilization.
Conclusion
We have demonstrated that Fe reduction events can mobilize substantial quantities of dissolved (b2.3 nm) and colloidal carbon (2.3-430 nm) in 0.3-350 ky old basaltic surface soils. Approximately half of this effect could be attributable to the increase in pH accompanying Fe reduction. However, raising the pH dispersed primarily the smallest colloids (b60 nm), while Fe reduction was largely responsible for dispersion of larger colloids (60 nm-430 nm). Our results suggest that mobilization of C from the surface to the subsoil is driven in part by Fe-redox induced particle dispersion during periodic saturation events. Because colloidal C can exhibit a much wider range of composition than dissolved organic carbon (DOC), this mobilization pathway has important implications for understanding the processes responsible for redistribution of C within soil profiles and along flow paths feeding waterways.
